Context. Binary millisecond pulsars (MSPs) provide several opportunities for research of fundamental physics. However, finding them can be challenging. Several subdwarf B (sdB) binary systems with possible neutron star companions have been identified, allowing us to perform a targeted search for MSPs within these systems. Aims. We aim to find MSPs in sdB binary systems. Methods. Six sdBs with companions in the neutron star mass range, as determined from their optical light curves, were observed with the Green Bank and Westerbork radio telescopes. The data were searched for periodic signals as well as single pulses. Results. No radio pulsations from sdB systems were detected, down to an average sensitivity limit of 0.11 mJy. We did, however, detect a pulsar in the field of sdB HE0532−4503. The absence of orbital acceleration excludes its association with the sdB. Followup observations with the Giant Metrewave Radio Telescope showed that this pulsar, J0533−4524, is indeed not exactly spatially coincident with the sdB system. The pulsar has a relatively low magnetic field but still emits giant pulses. Conclusions. We place an upper limit of three to the number of radio pulsars in the six sdB systems. The non-detections may be explained by a combination of the MSP beaming fraction, luminosity, and a recycling fraction <0.5. Alternatively, the assumption of co-rotation between the MSP and sdB may break down, which implies the systems are more edge-on than previously thought. This would shift the predicted companion masses into the white dwarf range. It would also explain the relative lack of edge-on sdB systems with massive companions.
Introduction
In binary systems, accretion may convert normal pulsars to fastspinning, low magnetic field, millisecond pulsars (MSPs). Timing the pulse arrival from such systems offers tests and insights in a number of fundamental physics areas. One can constrain neutron star masses and equations of state (Lattimer & Prakash 2001) , study binary evolution, and strong field general relativity (if the pulsar is in orbit of a massive companion, e.g. Taylor & Weisberg 1989 ). Furthermore, gravitational radiation can potentially be detected using pulsar timing arrays made up of stably emitting pulsars (Jaffe & Backer 2003) .
Sub-luminous B dwarfs (sdBs) are thought to be light (∼ 0.5M ), core helium burning stars. A large fraction of sdBs, up to 2/3 for some surveys (Maxted et al. 2001) , are in tight binaries. Several channels of binary evolution could contribute to the sdB population: Stable Roche-Lobe overflow could lead to a longer-period binary with a main-sequence companion (Han et al. 2003; Chen et al. 2013) . They might also be formed through the merger of two white dwarfs, resulting in an isolated sdB (Webbink 1984) . Lastly, a common envelope channel could lead to an sdB with a massive compact companion (Geier et al. 2010) . This channel involves a wide binary with a massive primary, that will go on to form a neutron star (NS) or black hole (BH), two phases of common envelope evolution and a short X-ray binary phase. A first common envelope phase starts soon after the pri-mary reaches the red supergiant stage of its evolution and starts overflowing its Roche Lobe. During this first common envelope phase the binary tightens. The second phase of mass transfer starts when the secondary begins to overflow its Roche Lobe. If the primary, which by then has undergone a supernova, is a neutron star it will get recycled. The second common-envelope phase starts shortly thereafter, tightens the binary further and dissipates the envelope of the secondary. The secondary, which is now mostly stripped of its hydrogen envelope, continues its evolution as an sdB star. For a recent review on sdB stars see Heber (2016) .
Positively identifying a pulsar (PSR) in a tight sdB binary would provide further constraints on binary evolution leading to sdB binaries (see e.g. Coenen et al. 2011 ). Furthermore, the timing of such an MSP could provide a very precise sdB mass measurement. Given sufficiently deep observations, non-detections of radio pulsations from these systems could mean the absence of a neutron star, but may also be explained by a pulsar that is either off or beamed away from Earth. Non-detections in a large enough sample of sdB stars provide statistics on the sdB formation channels.
In Sect. 2 our target selection is described. Section 3 gives an overview of our observations and data reduction. We show the results on sdB systems and the discovery of a new pulsar in Sects. 4 and 5. In Sect. 6 we discuss our findings and in Sect. 7 we show our conclusions.
where M sdB and M comp are the masses of the sdB and its companion, i is the inclination angle of the orbital plane, P is the orbital period, and K is the radial velocity semi-amplitude of the sdB. Under the assumption that the systems are tidally locked, the inclination can be determined from the observed rotational velocity of the sdBs. Furthermore, in a binary, the sdB mass is determined by the mass of the stellar core prior to the helium flash, which is restricted to a narrow range of 0.46 − 0.50 M , with a canonical value of 0.46 M (Han et al. 2002 (Han et al. , 2003 . The measured inclinations then lead to predictions for the companion masses (Geier et al. 2010) .
Out of the 31 systems for which an estimate for the companion mass was determined, six have companions in the neutron star mass range and are considered candidate neutron stars. Four of these are at least 1σ above the Chandrasekhar limit. As spinup of a neutron star in a binary system due to mass transfer is the canonical scenario for creating an MSP (Radhakrishnan & Srinivasan 1982; Alpar et al. 1982) , they are also considered possible pulsars. However, some of the companions might be white dwarfs (WDs).
Three of the candidates, HE 0929−0424, HE 0532−4503, and PG 1232−136, were already observed and analysed in Coenen et al. (2011) . No pulsations were found there, and the pseudo-luminosity of any recycled pulsar in most of these systems was strongly constrained. Here we present an analysis of deeper observations of the same sources, as well as of three new sources: PG 1101+249, PG 1432+159, and PG 1743+477. While PG 1232−136 is expected to host a black hole, it might host a massive neutron star if the binary system is not tidally locked. An overview of the targets is given in Table 1 .
Observations and data reduction
The six targets were observed with either the Westerbork Synthesis Radio Telescope (WSRT), or the Robert C. Byrd Green Bank Telescope (GBT) as shown in Table 1 . In each observing session, a bright pulsar was observed as well to verify the observing setup and data reduction pipeline. The follow-up observations of a strong candidate were performed using the GBT as well as the upgraded Giant Metrewave Radio Telescope (uGMRT; Gupta et al. 2017) , and these are discussed in more detail in Sect. 5.
All data were searched with the PRESTO package (Ransom 2011) . We used rfifind to create radio frequency interference (RFI) masks which were used with subsequent processing. For uGMRT data, any strong periodic RFI (such as 50 Hz interference from the electricity power lines) were identified and excised from the individual frequency channels using rfiClean (Maan & van Leeuwen in prep.) .
Using the NE2001 (Cordes & Lazio 2002) and YMW16 (Yao et al. 2017 ) electron density models, we predicted the maximum expected dispersion measure (DM) towards the sources. Based on this, we chose a DM upper limit in our search of 500 pc cm −3 , which is well above the maximum value of ∼ 50 pc cm −3 predicted by the models. A higher value was chosen to account for the factor ∼ 2 uncertainty in electron density models, as well as in the distance to the sources. Using DDplan.py in PRESTO, a dedispersion plan was determined for each observation, taking into account the different time resolution and channel width for each instrument and optimised for minimal computing time at maximum resolution and sensitivity. Each resulting timeseries was searched for both single pulses and periodic signals. All single-pulse candidates above a signal-to-noise ratio (S /N) of 8 were visually inspected.
Periodicity search
The periodicity search was done in the frequency domain, using accelsearch. Up to 16 harmonics were summed to improve sensitivity to narrow pulses. The likely strong acceleration of the targets in their binary orbits causes a drift of the signal in Fourier space. This drift can be corrected for by accelsearch, but only in the regime of constant acceleration. That assumption is typically valid if the observation is shorter than 10% of the orbital period. Most of our observations are, however, longer. For those, we searched both the full data, as well as chunks of at most 10% of the orbit.
where Ω b and r p are the mean angular velocity and semi-major axis of the pulsar orbit, M sdB and M p are the masses of the sdB and pulsar, and G is the gravitational constant. The second equality is given by Kepler's 3rd law, which is valid given the observed non-relativistic orbital velocities of the sdBs. The suspected neutron star companions are all more massive than the sdBs and hence have a lower orbital velocity. For a canonical pulsar of mass 1.4M and sdB of mass 0.45M , the maximum acceleration ranges from 11 m s −2 for PG 1743+477 to 35 m s −2 for PG 1432+159. This is taken into account in the acceleration search. The candidates produced by accelsearch are sifted by ACCEL_sift.py and each candidate with a S /N > 8 was folded on the raw data and visually inspected.
Results
All test pulsars were successfully detected by our pipeline. In our sample of six sdB systems, one pulsar candidate is identified towards sdB HE0532−4503 with a period of 157.28 ms and DM of 19 pc cm −3 . The single pulse search yielded similar results. The only test pulsar known to emit giant pulses, PSR B1937+21 (Cognard et al. 1996) , was blindly re-detected. In addition, three single pulses were detected towards HE 0532−4503. These all occur at the same DM as the periodic candidate.
We hypothesised the visible sdB star spun up the pulsar, since it must be the secondary and it did not explode in a supernova. The period seemed off however for an MSP, at 157.28 ms. Additionally, there was no measurable orbital acceleration. We sought to confirm the pulsar and start a timing solution to provide more insight into these concerns. The system was observed several times with GBT, Parkes and uGMRT. Periodic emission from the pulsar was not detected in the first four follow-up observations. Giant pulses continued to be visible. From timing on these giant pulses, and later on periodic detections, we learned the pulsar was isolated and was found by chance in the sdB star field. The discovery of this pulsar is further discussed in Sect. 5. We thus detect no pulsars in any of the observed sdB binary systems. This does not directly imply none of these sdB systems host a pulsar. They could be too faint, or their emission could be beamed away from Earth.
An upper limit to the flux density of any pulsar beamed towards Earth can be set using the radiometer equation:
Where S min is the minimum detectable flux density, (S /N) min is the S /N threshold in the search, T sys is the sum of the receiver temperature (T rec ) and the sky temperature (T sky ), G is the telescope gain, N pol is the number of polarisations (=2), BW is the bandwidth, T obs is the length of the observation, P is the pulsar period and W is width of the pulse profile. As the putative pulsars are expected to be MSPs (here defined, following Manchester 2017, as pulsars with P < 100 ms and withṖ < 10 −17 ), we adopt the median value of W/P = 0.08 of MSPs in the ATNF pulsar catalogue (Hobbs & Manchester 2004 ). The sky temperature is taken from the Haslam et al. (1982) sky map, scaled from 400 MHz to the central frequency of each instrument using a scaling of T sky ∝ ν −2.6 (Lawson et al. 1987) . For GBT we use T rec = 58 K and G = 2.0 K/Jy 1 , for WSRT T rec = 125 K and G = 1.1 K/Jy (Rubio-Herrera et al. 2013 ). An upper limit to the pseudo-luminosity, defined as L = S d 2 with d the distance to the source, is obtained from the sdB distances. A 10% uncertainty in the sdB distance is assumed. Assuming N systems out of the six observed are pulsars, we run a Monte-Carlo simulation to calculate how many out of N are detectable from Earth. Each system is assigned a pseudo-luminosity following a log-normal distribution with mean −1.1 and standard deviation −0.9 (Faucher-Giguère & Kaspi 2006 ). This distribution was determined for normal pulsars at 1400 MHz, but later shown to be valid for recycled pulsars in globular clusters (Bagchi et al. 2011 ). The distribution is scaled from 1400 MHz to 350 MHz using a spectral index of −1.9, which is a typical value as used in Bagchi et al. (2011) .
The luminosity distribution gives the probability that a pulsar is bright enough to be detected from Earth, but ignores any beaming effect. The beams of MSPs are larger than those of normal pulsars, and their beaming fractions f b are typically as high as 0.5 to 0.9 (Kramer et al. 1998) . Still these do not cover the entire sky so there is a 10−50% chance the beam misses Earth. In 1 GBT observer guide https://science.nrao.edu/facilities/ gbt/observing/GBTog.pdf our simulation, we assume a uniform distribution of f b between 0.5 and 0.9.
For both the full observations duration, as well as when using at most 10% of the orbit as maximum duration, we find that at the 95% confidence level at most three systems host a pulsar.
Discovery of PSR J0533-4524
One convincing pulsar candidate was detected in our data, towards sdB HE0532−4503. The candidate was detected with a S /N of 24 at a period of 157.28 ms and a DM of 19 pc cm −3 . The periodic pulse profile is shown in Fig. 1 . The signal is broadband and clearly visible throughout the observation. In addition to the periodic signal, three single pulses were detected, all of which reached a maximum S /N at the DM of the periodic candidate. The brightest pulse detected is shown in Fig. 2 .
The visible sdB star must be the secondary in the HE0532−4503 binary system, and since it did not explode in a supernova, we assumed it spun up the pulsar. As we were expecting to find an MSP (see, e.g., Wu et al. 2018) , the period of the newly-found pulsar was somewhat long, at 157.28 ms. Perhaps the second stage of mass transfer was interrupted relatively quickly for the common-envelope stage? The sdB-PSR association hypothesis was furthermore challenged by the absence of measurable acceleration in the initial 1.7-hr observation, a significant fraction of the 6.5-hr orbit. Perhaps the sdB star was lighter than expected? We aimed to quickly confirm the pulsar and start a timing solution to answer these questions.
Under director's discretionary time, we observed the system five more times with GBT, with Parkes, and we obtained several observations with uGMRT. An overview of the follow-up observations is given in Table 2 . The table also shows the S /N of the detected periodic signal when detected, as well as the number of detected single pulses.
The periodic signal was detected in three out of six GBT observations, confirming that the candidate is indeed a real pulsar. We next aimed to localise the pulsar to determine whether or not it could be part of the sdB binary system.
Localisation
The pulsar was first observed again with Parkes in April of 2016. No periodic signal nor single pulses were found. Given the uncertain location of the pulsar and the small beam of Parkes' H-OH receiver at 1.4 GHz, as well as the unknown pulsar spectral index, the non-detection is not surprising. Table 2 . All observations of PSR J0533-4524. For GBT observations, we used GUPPI at 300 − 400 MHz. For Parkes, we used the H-OH receiver with PDFB4 backend at 1241 − 1497 MHz. With uGMRT, we used GWB at 300 − 500 MHz, and we recorded coherently and incoherently beamformed data, as well as interferometric data. The periodic flux density was determined using the radiometer equation, with the sensitivity scaled to the position of the pulsar (see Sect. 5.1) in the beam. We assume 20% errors on these flux densities. The number of single pulse above S /N = 8 is shown in the last column.
Date
Telescope The pulsar was then observed on four consecutive days in May 2018 with GBT, spread out evenly over the sdB orbit with the aim to detect the acceleration of the pulsar in its expected or- bit around the sdB. Interestingly, the pulsar was detected in only one of these four observations. Again, there was no hint of acceleration. Due to the high fraction of non-detections, there were not enough data points to localise the pulsar through timing.
We then proceeded to observe the pulsar with uGMRT using several observing modes simultaneously. Beamformed data were recorded using both an incoherent addition of typically 16 dishes, as well as a coherent addition of the central 12 antennas. The incoherent mode retains the half-power beam width of a single uGMRT dish, ∼ 70 , which covers the full field as observed with GBT. The coherent mode has a half-power beam width of ∼ 5 , but is a factor three more sensitive than the incoherent mode. If the pulsar were part of the sdB system, it would be in the centre of the beam and hence have a higher S /N in the coherent data than in the incoherent data. The pulsar was indeed detected, however the S /N was three times higher in the incoherent data. The test pulsar did have a higher S /N in the coherent data, so the the system performed as expected. Hence, we conclude that the pulsar is not associated with the sdB binary system.
In addition to beamformed data, interferometric data were recorded. Using the nulling behaviour of the pulsar to our advantage, we aimed to image the field of both an observation with a detection and non-detection of the pulsar in beamformed mode. Any source in the image that shows the same on/off behaviour and has a flux density consistent with the flux density measured in beamformed data, might be the pulsar. The image created from the first uGMRT observation contained the pulsar in its on state.
An off-state image was made from the data taken on 20181103. We identified one source, at RA=05:33:14, Dec=−45:24:50, that was only present in the on-state image. The detection and non-detection images are shown in Fig. 3 . For the last two follow-up observations, this source was put in the centre of the beam.
In the next observation, the pulsar signal was clearly detected with an integrated S /N of 60, much higher than any of the previous detections. In addition, over 100 single pulses were detected. We are thus confident that the source identified in the image is indeed the pulsar. The images created from the last two observations did not have enough sensitivity to be able to identify the pulsar. The Parkes observation turned out to be too far away to have any significant sensitivity in the direction of the pulsar, so we do not consider it further.
Giant pulse emission
There are several definitions of giant pulses, but a typical working definition is any pulse that has a period-averaged flux density that is at least ten times higher than the mean flux density of the periodic signal (Johnston & Romani 2004; Cairns 2004; Karuppusamy et al. 2010; Singal & Vats 2012; Maan et al. 2019) . They are also narrower than the integrated profile and sometimes occur in a very narrow phase window (Knight 2006) . For classification of the single pulses of J0533−4524, we considered the 20190201 uGMRT observation, which is the only observation with a periodic detection and the source in the centre of the beam.
The S /N of individual pulses reported by single_pulse_search.py already correspond to a smoothing optimum for their observed widths. The sky background temperature towards the source is estimated to be 17 K, implying a total system temperature of 142 K. We used these parameters in the modified radiometer equation to compute the peak flux density (Cordes & McLaughlin 2003; Maan & Aswathappa 2014) of individual pulses.
To compare the derived peak flux densities to flux density of the periodic signal we define the period-averaged flux density of a single pulse as S p = S p × W/P, where S p is the peak flux density, W is the width of the single pulse and P is the period of the pulsar. The cumulative distribution function (CDF) of detected single pulses is shown in Fig. 4 . The giant pulse threshold of ten times the mean flux density of 0.6 mJy (cf. Table 2) is shown as dashed green line. 92% of the detected single pulses are above this threshold. Hence they are consistent with being giant pulses.
Even assuming we are complete down to a S /N of 8, the completeness in S p depends on the pulse width. If the widest observed pulse were detected at S /N = 8, it would have a peak flux density of 7.5 mJy. We take this value as our completeness threshold. The slope of the best-fit power law to the pulses above the completeness threshold is −3.68(1).
Using the barycentric period measured in that observation with prepfold, the barycentric arrival time of each of the 120 single pulses was converted to a rotational phase. A histogram of the resulting phases is shown in Fig. 5 , with the integrated profile shown for reference. All pulses occur within a phase window of 0.04, with a peak at the maximum of the integrated profile. They do not occur in the trailing component of the integrated profile. The giant pulses have widths between 2.5 and 10.0 ms, which is 10 − 30% of the width of the integrated profile. These widths are a similar fraction of the mean pulse as the giant pulses observed in PSR B0950+08 Tsai et al. (2015) . Together with the narrow phase window centred on one component of the integrated profile, this supports that the single pulses are indeed giant pulses.
Possible mode changing
The initial seemingly erratic series of detections and nondetections (see Table 2 ) were reminiscent of the struggle to confirm and study such mode-changing, nulling, and intermittent pulsars as PSRs B1931+24 (Kramer et al. 2006 Part of this variation in observed flux density is due to the initial positional uncertainty, and mis-pointing. But sets of detections using similar telescope setups can be compared among themselves, to analyse if intrinsic mode changing is also at play. In Fig. 6 we visualise the period and single-pulse detections. Sets demarcated by dashed lines were observed with the same setup and can be meaningfully compared.
We see that the periodic average flux density for observations with detections is only a factor of a few above our upper limits for non-detections. The fact that the initial detection is brighter than average can be explained by discovery bias. Only in the last epoch, using the coherent uGMRT at boresight, there is a factor of 10 difference. In known nulling and mode-changing pulsars such as B0809+74 (van Leeuwen et al. 2002) and B0826−34, the intrinsic flux-density ratio between the modes is of order 50 (Esamdin et al. 2005) .
In the first set of observations, the giant-pulse occurrence rate and peak flux density do not appear to correlate with whether periodic emission is detected. In the second set, they do.
Overall we conclude our upper limits are not constraining enough to prove mode changing.
Timing
In order to characterise the pulsar parameters, we aimed to create a coherent timing solution. For several observations, only single pulses are detected. As the single pulses occur in a very narrow phase window around the peak of the integrated pulse, both the single pulse and periodic arrival times can be used to form a timing solution. For both the periodic profile and single pulses a template profile was created using dspsr and psrchive, based on the highest S /N detections. Times-of-arrival (TOAs) were then extracted from each single pulse, as well as from each periodic detection. For observations where the periodic S /N was high enough, the observation was split into chunks of at least S /N 8 each and TOAs were extracted for each chunk.
We then proceeded timing with TEMPO2. Initially, the timing was based on the position of the sdB star. A coherent solution could not be found. We tried excluding the 2011 data as there is a large gap without data between that data set and the next, but to no avail. However, when the position was updated to the variable source discovered in the imaging data, it was possible to find a coherent solution for the 2016 -2019 data. The 2011 points then also fit the solution well, so they were included in the analysis. Then, the DM was fit by splitting the highest S /N periodic detection into 32 frequency chunks and fitting with TEMPO2. Finally, the position was then allowed to vary as well. The final derived position is consistent with the source detected in imaging. The fit parameters are shown in Table 3 .
The DM suggests a distance of 0.7 kpc using the NE2001 electron model (Cordes & Lazio 2002) and 1.3 kpc using YMW16 (Yao et al. 2017) The obtained period of 157.28 ms anḋ P of 2.8 × 10 −16 suggest a characteristic age of ∼ 10 Myr and surface magnetic field of ∼ 2 × 10 11 G. The pulsar is thus a bit older than one might expect given its period, but it has a relatively low magnetic field. These parameters are similar to PSR B0950+08, which has a period of 253 ms, and period derivative of 2.3 × 10 −16 . 
Discussion
In Sect. 4 we have shown that given the known beaming fractions of MSPs, and their place in the known luminosity distribution, at most three out of six systems can be expected to be radio pulsars. Furthermore, all three would be beamed away from us or too dim. However, we cannot exclude that they are all neutron stars, just not emitting in radio.
To establish whether it is reasonable to assume all six systems host a neutron star, we consider two aspects: the neutron star birth rate and their behaviour in binary systems.
With the neutron star birth rate as determined from supernovae modelling, it is already hard to explain the number of pulsars (cf. Keane & Kramer 2008) . Is this problem twice as bad, if half of neutron stars are not detectable as radio pulsars, as our observations seem to suggest? Not directly. The neutron-star (2010), is only that of regular, nonrecycled pulsars. These first shine during their regular lives, to then possibly be reborn as MSPs. Systems that will later evolve into systems like our six may currently be visible as regular pulsars, where they are properly counted toward the neutron-star birth-rate problem. The closest such system is PSR J0045−7319, and there are two similar but more massive known binaries. The Small Magellanic Cloud pulsar PSR J0045−7319 has a companion of type B1 V, of 8−10 M (Kaspi et al. 1994) . The pulsar there is not yet recycled and the orbit is still 51 days. For a B-type companion of such > 5 M mass Wu et al. (2018) expect common envelope evolution, with short (∼hour) orbits, as seen in our candidate systems (Table 1) .
The binary companion to PSR B1259−63 (Johnston et al. 1992 ) is now thought to have a mass of 15-31 M (Miller-Jones et al. 2018) , which may be too high to become an sdB star. While it was thought to be a Be star for the first few years after its discovery, it is currently classified as Oe star. Similarly, the latest timing on PSR J1740−3052 indicates its companion has a mass of 16−26 M (Madsen et al. 2012) , and the most likely optical counterpart is a main sequence star of late O or early B type (Bassa et al. 2011 ).
Together, these three observed systems qualitatively suggest our non-detections do not immediately create a birth-rate problem. Is the recycling process perhaps not reliable?
In the previous discussion we have estimated the beaming fraction f b , the odds that the beam of an active MSP sweeps across Earth. But what is the fraction f r of systems that is successfully recycled? As the beaming fraction allows for 3 of 6 systems to go unseen, we conclude an additional factor f r < 0.5 must be needed to explain our non-detections. Such a fraction significantly smaller than 1 is in line with the number of radio non-detections in other systems where neutron stars could viably be present as pulsars. These targeted searches included binaries such as low-mass white dwarfs (van Leeuwen et al. 2007; Agüeros et al. 2009 ), OB runaway stars (Sayer et al. 1996) , and soft X-ray transients (Mikhailov et al. 2017) . Even the radio detection of PSR J1417−4402 by Camilo et al. (2016) appears to Article number, page 7 of 9 A&A proofs: manuscript no. sdB have occurred independently from the optical identification of the binary 1FGL J1417.7−4407 (Strader et al. 2015) .
It remains possible that all observed sdB binaries in fact host a neutron star, but all of them would either be beamed away from Earth, too dim, or not recycled. Could it be possible that some systems actually host a white dwarf instead of a neutron star? This would mean that their masses must be below 1.4M . The masses are determined under the assumption of co-rotation, so the orbital period of the system is assumed to be equal to the orbital period of the sdB. This allows for determination of the inclination angle and hence the mass ratio of the two components. As the range of masses allowed for sdB stars is quite small, this gives the mass of the secondary to reasonable precision. If some of the suspected neutron stars are actually white dwarfs, their masses must have been overestimated. Getting to the right mass range would require either the sdB mass to be much smaller, which seems nonphysical, or the derived inclination angle to be too high, which could happen if the assumption of co-rotation breaks down. If these systems are actually more edge on, the predicted masses would be lower. This would also solve the inclination problem posed by Geier et al. (2010) . We note that for a random distribution of inclination angles, the most value is 52 • , which puts the predicted secondary masses in the 0.9 − 1.0M range. It therefore seems likely that several of the observed sdB system actually host white dwarfs if the assumption of co-rotation does not hold. Only PG 1232−136 still has a predicted mass of > 1.4M and remains a viable system to host either a neutron star or black hole.
6.1. PSR J0533-4524 6.1.1. Is PSR J0533-4524 an RRAT
We observe pulsar J0533−4524 often emits strong individual pulses. Should it then be classified as a rotating radio transient (RRAT)? According to the definition proposed in McLaughlin et al. (2006) , one of the characteristics of an RRAT is that its period is determined from the single pulses, and cannot be derived from periodic emission. As we were able to measure the period from the fourier search on the first observation, J0533−4524 is not an RRAT.
Giant pulse emission revisited
While the single pulses detected from J0533−4524 are giant pulses according to the typical definition, we consider they might be the bright end of a single underlying single-pulse distribution, as was done for PSR B0950+08 (Tsai et al. 2016) . While for B0950+08, the underlying distribution is assumed to be Gaussian, Kramer et al. (2002) showed that several pulsars have a log-normal pulse brightness distribution.
Assuming J0533−4524 has a log-normal distribution of single pulses, we can predict the slope of the observed CDF of single pulses without fully knowing the underlying single-pulse distribution. The fraction of detectable single pulses, f sp , is equal to the chance of detecting a pulse that is more than nσ brighter than the mean pulse (µ) for some unknown n, and is given by the complement of the CDF of the log-normal distribution,
where erfc is the complementary error function.
The slope of the CDF of detected single pulses is then given by the derivative of Eq. 4. Rewriting in terms of f sp gives
where erfc -1 is the inverse of the complementary error function. The slope predicted by this equation is equal to the slope of the observed CDF if the the distribution of the parameter that is chosen to create the CDF has a mean of zero. Evidently, this is not the case if the chosen parameter is S p . Instead, we choose log 10 (S p /S p,mean ), where S p,mean is the mean flux density of the periodic profile (0.58 mJy, cf. Table 2 ). The mean of the distribution then is equal to zero if there is indeed one underlying single-pulse distribution. The observed distribution of log 10 (S p /S p,mean ) is shown in Fig. 8. 1σ error bars are shown assuming Poissonian errors. There are 72 single pulse above the completeness threshold defined in Sect. 5.2. In total, the pulsar has ∼ 38000 turns in the 1.7hr observation, implying f sp = 1.9 × 10 −3 , which corresponds to detecting all single pulses that are at least 2.9σ brighter than the mean pulse. This also implies that the standard deviation of the underlying distribution is ∼ 0.38 in units of log 10 (S p /S p,mean ).
Equation 5 then predicts a slope of −9.2 for the CDF of detected single pulses at the completeness threshold. Extrapolating from this point, the predicted CDF is shown in blue. It has a mean slope of −11. The best-fit power law is shown in red and has a slope of −10.6(4). The observed distribution is consistent with being the bright-end tail of a log-normal distribution of single pulses.
It is thus not straightforward to classify single pulses. In some cases, giant pulses may simply be the bright end of the distribution of normal pulses. However, their width and phase are different from those of the average pulse. More research into this subject is needed to determine whether this means the giant pulses are actually from a different distribution than the normal pulses, or whether it implies a correlation between these parameters and pulse brightness. A correlation between pulse width and brightness is seen in for example the Crab giant pulses (Karuppusamy et al. 2010) , where narrower pulses are typically brighter.
If giant pulses are simply the tail of the normal single-pulse distribution, then why are they not detected in all pulsars given enough observation time? This may be due to differences in the width of the normal pulse distribution. For J0533−4524, a pulse that is 3σ above the mean is roughly ten times brighter than the mean pulse, and hence classified as a giant pulse. If, however, the single-pulse distribution were narrower, a pulse with ten times the mean flux density would be much more rare. For example, the single-pulse distribution of a standard pulsar such as PSR B0818−13 in its on state (Janssen & van Leeuwen 2004) has virtually no pulses that are more than twice as bright as the mean. Perhaps several giant-pulse emitting pulsars are classified as such because they have a relatively broad single-pulse distribution, such that it is feasible to detect pulses over ten times the mean within a typical observation length.
Conclusions
We searched for radio pulsations from six sdB binary systems that are likely to host a neutron star based on optical observations of the sdB orbit. No pulsars were detected towards sdB systems down to an average flux density limit of 0.11 mJy at 350 MHz.
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Best-fit power law Log-normal prediction Fig. 8 . Cumulative distribution of log 10 (S p /S p,mean ) of detected single pulses. The best-fit power law is shown. The slope is −10.6(4) in loglog space, which is consistent with the value predicted for the tail of a log-normal distribution of single pulses (−11).
The non-detection of any pulsar towards the sdB binary systems could be explained by a combination of the putative MSP beaming fraction, luminosity, and a recycling fraction f r < 0.5. It is also possible that the assumption of co-rotation of the sdB in its orbit does not hold, in which case the masses of the sdB companions are likely over-predicted. Then, several systems could host a white dwarf instead of a neutron star.
We discovered PSR J0533−4524, a giant-pulse emitting pulsar. Through simultaneous beamformed and interferometric observations with uGMRT, the pulsar was localised and shown to be a serendipitous discovery, not associated with the sdB system that was the original target. We detected over 100 giant pulses from this pulsar. Their distribution is compatible with the tail of a log-normal distribution with the same mean as the average single pulse, showing that we may be seeing the bright end of the normal single pulses. However, the giant pulses are narrower than the integrated pulse and restricted to a very narrow phase window, unlike what is expected from the average single pulses.
